Fetal growth and development are dependent upon the adequate provision of oxygen and substrates from the maternal circulation. The need for amino acids is related to protein synthesis, interconversion to other substrates, and oxidation. Amino acids cross the placenta by active transport systems, and their concentrations in the fetus are higher than in the mother. In addition, most amino acids are extensively metabolized within the placenta, and, for some nonessential amino acids, placental synthesis has been demonstrated in chronically catheterized fetal lambs. Interorgan cycling between the fetal liver and placenta has been hypothesized for nonessential amino acids like glycine and serine. Amino acids are oxidized within the fetal tissues, particularly in liver and muscle, with differences between amino acids and in relation to metabolic state. In human pregnancies, maternal-fetal transfer rates have been investigated in vivo by stable isotope methodologies performed at fetal blood sampling. The transfer rate of nonessential amino acids like glycine is significantly lower than for essential amino acids like leucine, confirming glycine synthesis in the fetoplacental unit also in human pregnancies. Moreover, when a steady state model is applied, the fetal-maternal ratio for [1-
Fetal growth and development are dependent upon the adequate provision of oxygen and substrates from the maternal circulation. The need for amino acids is related to protein synthesis, interconversion to other substrates, and oxidation. Amino acids cross the placenta by active transport systems, and their concentrations in the fetus are higher than in the mother. In addition, most amino acids are extensively metabolized within the placenta, and, for some nonessential amino acids, placental synthesis has been demonstrated in chronically catheterized fetal lambs. Interorgan cycling between the fetal liver and placenta has been hypothesized for nonessential amino acids like glycine and serine. Amino acids are oxidized within the fetal tissues, particularly in liver and muscle, with differences between amino acids and in relation to metabolic state. In human pregnancies, maternal-fetal transfer rates have been investigated in vivo by stable isotope methodologies performed at fetal blood sampling. The transfer rate of nonessential amino acids like glycine is significantly lower than for essential amino acids like leucine, confirming glycine synthesis in the fetoplacental unit also in human pregnancies. Moreover, when a steady state model is applied, the fetal-maternal ratio for [1- 13 C]leucine is significantly reduced in pregnancies associated with intrauterine growth restriction, reflecting a decrease in leucine placental transfer and/or an increase in protein catabolism in the fetoplacental unit. This reduction is proportional to the degree of severity of intrauterine growth restriction but is significant also in those intrauterine growthrestricted fetuses with normal oxygenation and acid-base status. Amino acids represent key nutrients during intrauterine life. Placental mechanisms accounting for amino acid transfer from the mother to the fetus have been thoroughly described in the last 20 y. The relevance of these mechanisms to fetal growth is strongly suggested by a number of studies demonstrating differences in amino acid placental transfer and metabolism occurring in human pregnancies associated with IUGR. The primary objective of this review is to integrate this recent information obtained in human pregnancies with the wide knowledge that has developed around the animal model. Some years ago, it seemed adventurous to propose the concept that pregnancy represented a metabolic state of not just a mother and a fetus but a three-compartment model of motherplacenta-fetus. The most-used animal model to study the relative contributions of each of these compartments to amino acid metabolism has been the pregnant sheep, principally because it is feasible in this species to catheterize chronically the maternal and fetal circulations.
Uterine and umbilical uptakes can be calculated using an application of the Fick principle (1) as the product of concentration differences across the uterine circulation (uterine arterial concentration-uterine venous concentration) or the umbilical circulation (umbilical venous concentration-umbilical arterial concentration) times the uterine or the umbilical blood flow to yield uterine and umbilical uptakes, respectively. Analysis by this model of uterine and umbilical amino acid uptakes has demonstrated that there is a large uptake of most neutral and basic amino acids by the pregnant uterus (2) and, similarly, a large uptake of amino acids by the fetus (3). Uterine and umbilical uptakes of individual amino acids are not necessarily equal due to utilization or production by the uteroplacental tissues. These early studies pointed to the fact that in the normal fetal lamb, the uptake of amino acids from the umbil-ical circulation is in excess of what is needed for nitrogen accretion, consistent with a very high rate of ammonia production by the pregnant uterus (4) . These studies also showed that some amino acids were not significantly taken up by the uterine circulation, whereas, for some others, there was a net release from the fetus to the placenta, i.e. they demonstrated higher concentrations in the umbilical artery than in the umbilical vein with a significantly negative umbilical venoarterial concentration difference. It, thus, became clear that the placenta was not just acting as an amino acid concentrator toward the fetus but that complex interactions were involved, and placental metabolism was part of an integrated system together with fetal organ metabolism.
Placental Amino Acid Uptake and Exchanges
The role of the placenta in amino acid metabolism for protein synthesis, oxidation, transamination, and synthesis of some nonessential amino acids has been suggested by several observations. First is the demonstration that there is a net ammonia production by the placenta that is delivered into both the uterine and umbilical circulations (2, 4) . Moreover, there is a high activity for the BCAA transferases in both human (5) and sheep (6) placentas, suggesting a significant metabolism of the BCAA to their corresponding keto acids.
Basic information about uteroplacental amino acid metabolism in vivo can be obtained by comparison of uterine and umbilical amino acid uptakes. Even though uterine uptake involves the myometrium, besides the placenta and fetus, this can be considered a relatively insignificant contribution (1) . Therefore, placental amino acid uptake can be calculated in the ovine model as the difference between uterine and umbilical uptakes.
However, the application of the Fick principle to uterine and umbilical concentration differences presents some potential difficulties mainly related to the relatively small concentration differences of most amino acids, with a less then 10% coefficient of extraction particularly across the uterine circulation, which can be below the coefficient of error for that amino acid. Therefore, a large number of measurements are needed to demonstrate significant amino acid concentration differences.
A significant contribution in clarifying this subject has come recently from a study in 18 pregnant sheep studied under normal physiologic conditions in which both uterine and umbilical amino acid uptakes were measured simultaneously in the last part of gestation (7). Significant uterine and umbilical uptakes were obtained for all the essential amino acids, and, for eight amino acids, there was a significant difference between uterine and umbilical uptake, demonstrating significant uteroplacental utilization for these amino acids. However, although some amino acids showed a net placental uptake (valine, leucine, isoleucine, serine, glutamate), others were significantly released by the placenta (methionine, glycine, glutamine).
These results confirmed findings obtained in previous studies showing that glycine is not significantly taken up by the uterine circulation (2) , whereas, at the same time, there is a significant release from the placenta to the fetus (3, 8) . The opposite is true for serine: a significant uterine uptake coupled with a significant release from the fetus toward the placenta. Because glycine is not significantly taken up by the pregnant uterus, the quite large uptake of glycine from the umbilical circulation has to be accounted for by placental production. Glycine can be produced from serine, and this possibility has been demonstrated by tracer serine infusion into the fetal circulation. When stable isotopes are applied, amino acid DR can be calculated by knowing the isotope infusion rate and the enrichment of the amino acid in plasma at isotopic equilibrium. The term enrichment is analogous to the term specific activity, commonly used with radioactive tracers, and is an expression of the relative abundance of isotope. Serine demonstrated a very high DR (Table 1) , with plasma glycine enrichment approximately 60% of serine enrichment (9) . Approximately 45% of infused tracer was lost in the placenta, and 15% of it was converted to glycine and released in the umbilical circulation. Moreover, when tracer serine was infused into the maternal circulation, there was no significant transport of maternal plasma serine across the placenta into the fetal circulation (10), whereas there was significant labeling of both maternal and fetal glycine. These results could not clarify whether fetal tracer glycine was originating from maternal tracer glycine or was formed from tracer serine within the placenta. However, when tracer glycine was infused into the mother, only a very low fraction was appearing into the fetal circulation. A further proof that maternal serine is used to form glycine in the placenta came from a study conducted in twin pregnancies. Tracer serine was infused into the uterine artery of one pregnant horn: although no tracer serine could be detected in either infused or noninfused fetal circulations, tracer glycine enrichments were significantly higher in the uterine venous and umbilical vessels of the infused placenta (11) . Therefore, although there is no transfer from the maternal to the fetal circulation, both the maternal and fetal surfaces of the placenta have been shown to be permeable to serine, and the placenta is capable of producing glycine from serine infused into both the maternal (11) and fetal (9, 12) circulations (Fig. 1 ). The consequence of this serine-to-glycine flux is the production of methylenetetrahydrofolate, which is also produced from glycine oxidation within the placenta and can be used for remethylation of homocysteine as well as for other metabolic pathways, making carbon atoms available to the placenta. 
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Glutamate is another amino acid that is not significantly taken up by the uterine circulation (2, 7) . This is accompanied by a net release from the fetus toward the placenta, opposite in direction to the flux of most other amino acids and similar to the net flux of serine into the placenta, suggesting a unique role for both of these two nonessential amino acids (Fig. 1) .
The three BCAA valine, leucine, and isoleucine presented uterine uptakes significantly greater then their umbilical uptakes (7), the difference being accounted for by a significant placental uptake and catabolism. Tracer studies have shown that when tracer leucine is infused in the fetal circulation, approximately 10% is deaminated within the placenta to its keto acid KIC (13) . Therefore, leucine is significantly taken up from the maternal circulation into the placenta where it is in part deaminated to KIC. Then both leucine and KIC are transferred to the fetus (Fig. 1) . The NH 3 produced within the placenta is released toward the maternal circulation but can also interact with ␣-ketoglutarate to form glutamate. Therefore, the placenta utilizes glutamate from two main sources: an endogenous source of glutamate from BCAA transamination as well as an exogenous source from the uptake of fetal glutamate.
Fetal glutamate DR have been measured by means of both 14 C and 13 C glutamate infusion into the peripheral fetal circulation, yielding values similar to those obtained for some other amino acids that present much higher concentrations in the fetus, as shown in Table 1 (12) . The striking feature of glutamate DR is that the placenta extracts almost 90% of the tracer glutamate carried by the umbilical circulation, representing a remarkably high placental clearance of fetal plasma glutamate. A relatively small fraction of the fetal glutamate taken up by the placenta is returned to the fetus as glutamine, shuttling to the fetus some of the ammonia produced by placental amino acid catabolism. However, the glutamine/ glutamate enrichment ratio in fetal arterial plasma is only 6%. The predominant pathway of glutamate in the placenta is represented by oxidation, accounting also for a large fraction of placental ammonia excretion. Glutamate oxidation generates NADPH, which is used in steroidogenesis and could be linked to the endocrine changes associated with parturition.
The role of placental metabolism in determining the supply of alanine to the fetus has also been investigated by tracer methodologies. Although there is a significant umbilical uptake of alanine, the direct transplacental alanine flux under physiologic maternal alanine concentrations accounts for only approximately 2% of the alanine flux from placenta to fetus (14) . However, when maternal alanine concentration is raised, the umbilical uptake increases significantly. Placental alanine utilization also increases significantly, but the direct maternalfetal alanine flux contributes only 8% of the total alanine flux from placenta to fetus. Therefore, when considering only data obtained from tracer placental exchange, the placenta seems relatively impermeable to alanine. However, the 2-fold increase in net fetal alanine uptake obtained when maternal alanine concentrations are increased 4-fold demonstrates the presence of a placental alanine pool that is turning over rapidly and dilutes the tracer enrichment.
Amino Acid Interconversions by Fetal Tissues
The study by Chung et al. (7) confirming previous studies (3, 8) demonstrated also that umbilical uptake of essential amino acids is 1.8 -3.3 times in excess of their estimated normal fetal accretion rates. These data point again to a significant amino acid oxidation within the fetus, which has been demonstrated by tracer methodology for leucine (13) , lysine (15) , and threonine (16) among the essentials and for glycine (17) , serine (9), alanine (18) , and glutamate (19) of the nonessentials (Table 1) .
Fetal liver. The relevance of amino acid metabolism within the fetus has been further explored by the evaluation of fetal organ metabolism. Instrumentation of fetal hepatic vein has made it possible to compare umbilical and hepatic amino acid concentration differences (8) . Interesting observations have been reported for glycine, which is released by the placenta into the umbilical circulation and then taken up by the fetal liver, whereas serine is released by the fetal liver with no significant net flux between the placenta and fetal blood.
Based on these observations, an interorgan cycling has been suggested between the fetal liver and the placenta on the hypothesis that placental production of glycine from serine is coupled with serine production within the fetal liver from glycine. In adults, glycine and serine are interconvertible by the action of serine hydroxymethyltransferases and the glycine cleavage system. This possibility has been demonstrated using stable isotope methodologies that allow the measurement of net tracer production. Glycine labeled with carbon 13 in the first position was infused into the fetal circulation, and tracer concentration differences were measured across the hepatic circulation in chronically catheterized fetal lambs (17) . A major finding of this study was that together with a small uptake of tracer glycine by the placenta (6%) and virtually no transfer of tracer Figure 1 . Diagram of amino acid placental exchanges between maternal and fetal plasma pools in chronically catheterized pregnant sheep. Serine is taken up by the placenta from both maternal and fetal circulations: glycine is produced and released in the fetal circulation, and then taken up by fetal liver and partly converted to serine and CO 2 . Glutamine is taken up by the maternal circulation but also produced from glutamate within the placenta, released into the fetal circulation, and significantly converted to glutamate within the fetal liver. Leucine is also taken up by the maternal circulation, deaminated to KIC within the placenta, and then released into the fetal circulation together with KIC. Placental amino acid utilization leads to ammonia production. 150 CETIN glycine into the maternal circulation, there was a large uptake of tracer glycine by the fetal liver (approximately 50%), and this uptake was accompanied by a significant release of labeled serine and carbon dioxide. Figure 2 presents the molar tracer concentration differences for glycine, serine, and carbon dioxide across the fetal hepatic circulation. With tracer [1- 13 C]glycine, the molar ratio of the differences is consistent with the action of the glycine cleavage system and serine hydroxymethyltransferase, so that 2 mol of glycine are converted into 1 mol of serine and the release of 1 mol of CO 2. The reaction sequence can be summarized as follows:
During the infusion of [1-13 C]glycine as tracer, labeled carbon dioxide and serine were produced in equimolar amounts and tracer glycine used at twice the rate (Fig. 2) . The labeled CO 2 released by the liver was approximately 70% of the labeled CO 2 produced by the fetus. Therefore, the fetal liver is the major site of fetal plasma glycine decarboxylation and of serine synthesis from plasma glycine.
The comparison of umbilical and hepatic amino acid concentration differences demonstrated also a significant uptake of glutamine by the fetal liver (8) , greater than that of any other amino acid. Glutamine can be used as gluconeogenic precursor; however, no significant liver gluconeogenesis has been demonstrated in fetal life (20) . Because the fetal liver releases significant amounts of glutamate that is then taken up by the placenta (8), these observations suggested glutamine-glutamate exchange between the fetal liver and the placenta. This hypothesis has been explored by infusing [1,2-13 C 2 ]glutamine into the peripheral fetal circulation (21) , which led to significant labeling of fetal glutamate molecules with a glutamate/glutamine enrichment ratio of approximately 28%. The fetal liver is the primary site of glutamine-to-glutamate conversion with approximately 45% of glutamine hepatic uptake converted to glutamate. However, although there is rapid conversion of plasma glutamine to plasma glutamate in the fetal liver, there is only a small reciprocal conversion of glutamate to glutamine within the placenta, whereas glutamate is mainly oxidized within the uteroplacental tissues (19) .
The possible relationship between endocrine changes during parturition and glutamate and glutamine fetal hepatic metabolism has been studied using a fetal infusion of dexamethasone to induce parturition. This has led to a decrease by one fourth in fetal hepatic glutamate release and in a one-fifth decrease in placental glutamate uptake, confirming that steroid-induced parturition is associated with significant changes in fetal hepatic and placental glutamate metabolism (22) .
Fetal muscle. By catheterization of the fetal femoral vein, it is possible to measure uptake across the hindlimb. This methodology allows the investigation of carcass metabolism during intrauterine life. At the end of intrauterine life, the fraction of the fetal weight represented by skin, muscle, and skeleton is approximately 70% of body weight, thus, a large fraction of the tissues of the body. When comparing metabolic quotients obtained simultaneously in fetal and maternal hindlimb, significantly higher glucose/oxygen quotients have been reported in the fetus (23) . Moreover, the same study showed that the fetal hindlimb has a much lower arteriovenous difference for oxygen, indicating a much higher rate of perfusion for these fetal tissues.
In the fed state, the hindlimb shows a significant uptake of 21 amino acids for a net total nitrogen uptake of 132 Ϯ 21 mg N⅐d -1 ⅐100 g -1 (24) . Significant uptakes have been demonstrated for the gluconeogenic amino acids glutamine, glutamate, and alanine and for the BCAA leucine, valine, and isoleucine (24, 25) . Significantly, positive plasma arteriovenous concentration differences across the fetal hindlimb have also been found for glycine and serine (9, 24) , indicating net amino acid hindlimb uptake. At the same time, both tracer serine and glycine show a dilution of their enrichments from the umbilical artery to the fetal femoral vein. The uptake of tracer serine is accompanied by a significant release of tracer CO 2 by the fetal hindlimb that accounts for approximately 80% of decarboxylation of serine by the whole fetus (9) .
Significant changes in amino acid uptakes by the hindlimb have been shown during maternal fasting. After several days of maternal fasting, glucose supply from the mother to the fetus decreases by 60%, whereas the umbilical uptake of free amino acids from the placenta does not change (26) . Oxygen consumption also remains unchanged, but the rate of amino acid catabolism appears to double, suggesting that either tissue synthesis is reduced and/or that the fetus is catabolizing previously formed proteins.
Skeletal muscle plays an important metabolic role in the adaptation of the fetus to maternal fasting: although glutamine and alanine have a positive uptake in the fed state, after 5 d of maternal fasting, they show a significant efflux together with a significant decrease in the uptake of glutamate (25) . At the same time, there is a significant increase in the hindlimb uptake of the three BCAA, mainly for leucine (25) . The efflux of glutamine may reflect the mobilization of carbon derived from the degradation of amino acids like the BCAA, potentially for new glucose synthesis within the fetal liver. Alanine release is probably due to the conversion from pyruvate originated from glucose via glycolysis within the glucose-alanine cycle. 
INTRAUTERINE AMINO ACID INTERCONVERSIONS

Amino Acid Exchanges in Human Pregnancies
In humans, the concentration of amino acids is higher in fetal than in maternal blood (27) (28) (29) in agreement with the presence of active transport systems within the microvillous and basal membranes of the placenta. However, the presence of identified transport systems for an amino acid does not determine whether or not it is transported across the trophoblast into the fetal circulation, because placental amino acid exchange involves 1) the direct energy-dependent transfer of amino acids; 2) placental metabolism and consumption of amino acids; and 3) placental metabolism and processing (interconversion) of amino acids.
The recent years have seen incredible changes in the development of new tools for the study of the human fetus in its intrauterine environment. Among these is the development of techniques to sample fetal blood in utero and the application of stable isotope methodologies to human pregnancies.
Percutaneous umbilical blood sampling under ultrasonic guidance has provided the opportunity to measure glucose and amino acid concentrations in a relatively unstressed condition unaffected by parturition and at different gestational ages (30) . The comparison between fetal and maternal concentrations of a given substrate can be used as an index of transport and metabolism. However, because the placenta is a very active organ and interorgan exchange has been demonstrated for nonessential amino acids in chronically catheterized pregnant sheep, results obtained only by the study of amino acid concentrations in fetal and maternal blood can be misleading. In essence, the presence of a substrate in the fetal circulation does not necessarily mean that this substrate was supplied to the fetus from the maternal circulation. For nonessential amino acids, the possibility of production within the fetoplacental compartment can be investigated using stable isotope methods.
Stable isotopes can be used in human pregnancies due to their safety, but the studies are limited by the fact that the tracer has to be infused in the mother and also that only one or at the most two fetal samples can be obtained. The comparison of fetal and maternal enrichment of labeled compounds at the time of fetal blood sampling or cesarean delivery provides information on the transplacental passage of nutrients (31) as well as on fetal and placental nutrient metabolism (32, 33) .
The first study to provide kinetic data concerning amino acid metabolism and protein turnover in the human fetus was performed at the time of elective cesarean delivery in normal term pregnancies (32) . l-[1- N]phenylalanine were infused continuously into the maternal circulation 4 h before fetal extraction to reach maternal steady state. At the time of cesarean section, maternal arterialized and uterine venous samples were obtained. Umbilical blood flow was calculated by an ultrasonic transit-time method before cord clamping, and then the umbilical artery and vein were sampled. The rates of disappearance of leucine and phenylalanine into the fetal compartment were 7.22 Ϯ 0.83 and 2.69 Ϯ 0.39 mol/min, respectively, which represented only approximately 5% of their appearance rates in the maternal plasma pool. About one sixth of the umbilical uptake of leucine was oxidized in the fetus and about one half reexported to the placenta as KIC, which is different from the sheep in which there is a net export of KIC to the fetus (13 N enrichment of tyrosine in the fetal circulation with higher enrichments in the umbilical artery than in the umbilical vein, implying that tyrosine was produced from phenylalanine into the fetal compartment.
The evaluation of placental transport and fetal DR in vivo in human pregnancies, however, relies on measurements of umbilical blood flow and arteriovenous differences obtained at the time of cesarean section in an acute situation, which could be not well representative of the steady state intrauterine environment. Therefore, the appearance of a tracer amino acid into the fetal circulation after maternal infusion has been evaluated also at the time of fetal blood sampling in a relatively undisturbed condition. In this situation, only umbilical venous samples are obtained, and their enrichments compared with the maternal will represent a complex function of fetal and placental metabolism and also of placental permeability.
Two different models have been developed: a) nonsteady state kinetics by maternal bolus infusion that allows the study of unidirectional fluxes; and b) steady state kinetics by maternal bolus followed by a continuous maternal infusion to study placental permeability together with fetoplacental metabolism.
Studies using a maternal bolus have demonstrated that in normal pregnancies, there are significant differences in the in vivo transplacental transport of an essential amino acid like leucine compared with a nonessential amino acid like glycine (31) . l[1-
13 C]glycine and l[1-13 C]leucine were infused into a maternal peripheral vein, and umbilical venous samples were obtained within 15 min from the bolus. The ratios of amino acid placental transfer were determined by the F/M enrichment ratio (Fig. 3) . Fetal blood sampling was performed after a wide range of times from the bolus, allowing calculation of nonlinear regression equation. The curves for leucine and glycine were significantly different. For glycine, the rate of transfer was significantly lower with a glycine/leucine ratio of 0.16 Ϯ 0.02, indicating that there is a significant production of glycine within the fetal-placental unit, similar to findings obtained in sheep. 13 C]leucine in both normal and IUGR pregnancies (34) : in normal pregnancies, the F/M enrichment ratio was significantly higher (approximately three fourths) for the essential amino acids phenylalanine and leucine than for the nonessential amino acids glycine and proline (F/M less than one fourth). These results suggest that the two essential amino acids leucine and phenylalanine rapidly cross the placenta. Moreover, the F/M enrichment ratio was significantly lower in IUGR pregnancies than in normal pregnancies for these two essential amino acids (approximately one half) but not for glycine and proline (34) .
The first study demonstrating the normal steady state F/M plasma enrichments for leucine was performed in pregnancies of the third trimester with a maternal primed-constant infusion of l [1- 13 C]leucine and umbilical venous samples taken approximately 2 h after the start of the infusion (33) . In this study, the F/M enrichment ratios for leucine in normal pregnancies were 0.89 Ϯ 0.02, approximately 20% higher than the F/M ratios of 0.70 reported at cesarean delivery (32) . This difference can be reflecting the different conditions, i.e. the surgical stress of cesarean delivery and the time required for flow measurements during which the fetus was exteriorized.
Therefore, in normal pregnancies under undisturbed conditions during the latter part of gestation, almost 90% of fetal plasma leucine is derived from the maternal circulation with a relatively small entry (approximately 10%) from protein breakdown within the placental and fetal tissues. This is significantly different from results obtained in pregnant sheep in which only 46% of fetal leucine is of maternal origin (35), representing a major difference within the two species, probably due to differences in placental permeability. However, data obtained in human pregnancies are supportive of data obtained in pregnant sheep in that significant differences are observed between essential and nonessential amino acids, confirming that in human pregnancies also, amino acid interconversions are present in the fetoplacental compartment.
In the same study, the F/M enrichment ratio for leucine was significantly lower in IUGR (0.70 Ϯ 0.08) than in normal pregnancies. This difference can be due to an increase in protein breakdown that dilutes the fetal plasma enrichment and/or to a decrease in the transplacental transfer rate. The F/M ratio progressively decreased with increasing degrees of clinical severity defined according to fetal arterial Doppler velocimetry and fetal heart rate pattern (33) . This classification of clinical severity has previously shown that changes in oxygen content, lactate concentration, and acid-base status in IUGR fetuses are associated with altered umbilical arterial Doppler velocimetry and fetal heart rate (36) . These data further provide evidences concerning fetuses with in utero reduction of fetal growth but normal umbilical arterial flows, fetal heart rate, oxygenation, and acid-base status. Interestingly, these relatively normal IUGR pregnancies also show a decrease in FM amino acid concentration differences (29) accompanied by a significant reduction in the F/M leucine enrichment ratio (33) .
The alterations in amino acid placental transfer and metabolism seem to be a common feature of fetal growth restriction, independently from changes in oxygenation and acid-base status. This suggests that these alterations are not a result of a general reduction in uterine and/or umbilical blood flows of IUGR pregnancies. On the contrary, specific alterations in placental transport systems in IUGR have been described in vitro on both the molecular and functional level (37) . Potential strategies for in utero nutritional supplementation need to be developed taking into account the very complex amino acid interactions occurring within the placenta, the possible increase in oxygen consumption, and the relationship with growth factors.
